Previous studies have shown that the human polyomavirus BK (BKV) genome contains an oestrogen response element (ERE). This isolated element binds its cognate receptor in vitro
Introduction
The polyomavirus BK (BKV) has a worldwide distribution among the human population. After primary infection during early childhood, BKV establishes itself in a silent state in immunocompetent people (reviewed in Yoshiike & Takemoto, 1986) . Viral DNA can, however, be frequently detected in the urine of immunocompromised individuals such as bonemarrow transplantation patients (Arthur et al., 1988 ; Azzi et al., 1994) , AIDS patients (Markowitz et al., 1993 ; Sundsfjord et al., 1993) , systemic lupus erythematosus (SLE) patients (Chang et al., 1996 a ; Rekvig et al., 1997) and pregnant women (Borgatti et al., 1979 ; Coleman et al., 1980 Coleman et al., , 1983 Shah et al., 1980 ; Chang et al., 1996 b) . The mechanisms of virus reactivation remain virtually unknown.
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The 5n2 kbp double-stranded (ds) BKV genome can be divided into three functional domains : an early region [encoding the large T-(T-ag) and small t-antigens (t-ag)], a late region (encoding the structural proteins) and an interspaced non-coding control region (NCCR) that encompasses the origin of replication and the transcription control elements for both the early and late genes (reviewed in Yoshiike & Takemoto, 1986) . Diversity in the NCCR of many different BKV strains has been described (reviewed in Moens et al., 1995 a) . Despite the high heterogeneity of this region, all these strains, except the AS strain (Tavis et al., 1989) , contain a hormone response unit. We have previously shown that this unit consists of a non-consensus glucocorticoid\progesterone response element (GRE\PRE) and a fully consensus oestrogen response element (ERE). Moreover, NF-I-binding sites overlap with the GRE\PRE (Chakraborty & Das, 1991 ; U. Moens & B. Johansen, unpublished results) and a p53-binding site lies immediately upstream of the ERE and GRE\PRE (Shivakumar & Das, 1996) . A schematic representation of the regulatory region of the BKV (Dunlop) promoter is shown in Fig. 1 . The BKV GRE\PRE and ERE were able to mediate glucocorticoid\progesterone and oestrogen-mediated transcription, respectively, when linked to a heterologous promoter, and these elements could bind their cognate receptor in vitro. Treatment of BKV-infected cells with the synthetic glucocorticoid dexamethasone, progesterone or 17β-oestradiol enhanced host cell permissivity (Moens et al., 1994) .
To further investigate the biological importance of this hormone response unit for BKV, we decided to study the activity of the ERE in the context of the complete promoter\ enhancer region of the virus in the presence of large T-and small t-ags. Previous studies have shown that the general coactivator CBP co-operates with the oestrogen receptor (ER) to activate transcription (Chakravarti et al., 1996 ; Kamei et al., 1996 ; Smith et al., 1996 ; Shikama et al., 1997 ; Kraus et al., 1998) and large T-ag interacts with CBP\p300 (Avantaggiati et al., 1996 ; Eckner et al., 1996) . Our results showed that an activated ER can stimulate the transcriptional activity of both the wildtype and the ERE-mutated BKV promoter. Mutation of the AP-1 sites did not impair ER-mediated transcription. However, mutation of both the ERE and the AP-1 sites rendered the BKV (Dunlop) promoter insensitive to transcriptional activation by ER. Large T-ag alone stimulated the ER-mediated transcriptional activation about 2-fold, while small t-ag did not interfere with the transcriptional activation potentials of the ER, but exerted a strong stimulatory effect on the activation of the ER by large T-ag. The general co-activator CBP had a moderate stimulatory effect on the BKV promoter, but a synergistic stimulatory effect was measured in the presence of the ER. Large T-ag abrogated the transcriptional enhancement induced by the general co-activator CBP or by CBP plus ER.
Methods
Cells. HeLa cells were obtained from the ATCC (CCL2) and were maintained as previously described (Moens et al., 1994) .
Plasmids. The plasmids pDun-LUC and pDun(mutERE)-LUC were generated by cloning the HindIII-StuI fragment (nucleotides 52-413, numbering according to Seif et al., 1979) of pBKV34-2 (ATCC 45025) and pBKV34-2mut (see below), respectively, in the HindIII-EcoRV sites of pSL301 (Invitrogen). The Dunlop promoter sequences were then excised from this plasmid by HindIII\BglII digestion and cloned in the corresponding sites of pO-LUC. This places the early promoter most proximal to the luciferase gene. To generate the plasmid pDun(mAP-1)-LUC or pDun(mERE\mAP-1)-LUC, respectively, the HindIII-StuI fragment of pBKV34-2 or pBKV34-2mut, respectively, was cloned in the HindIII-EcoRV sites of pBluescript SK(j). This plasmid was subsequently digested with the restriction enzymes Bsu36I and AvrII and the complementary oligonucleotides (described in the next paragraph) were ligated. The plasmid pEREvit-TK-LUC was prepared by cloning the HindIII-BglII fragment of the previously described plasmid pEREvit-CAT (Moens et al., 1994) into the corresponding sites of pO-LUC. The plasmid pEREvit-TK-LUC contains the consensus ERE of the vitellogenin gene of Xenopus laevis linked to the minimal thymidine kinase (TK) promoter of herpes simplex virus type 1. The plasmids pRcCMV and pRcCMV-CBP were kindly provided by R. Goodman (Lundblad et al., 1995) , while pMT2.MOR1-599 Y541-A was a kind gift from M. Parker (White et al., 1997) . Plasmid pO-LUC was generously made available to us by F. Argenton (Argenton et al., 1996) . The plasmid pG5E1bGal was a kind gift from R. Davis (Seth et al., 1992) , while the plasmids pGAL4 DB and pGAL4 DB-hER were obtained from S. Khan (Wang et al., 1995) . The construction of the BKV large T-ag expression plasmid pRcCMV-BLT has been described in detail elsewhere (Moens et al., 1995 b) . The plasmids pCMV5, pCMV5-t and pCMV5 mt were kindly donated by M. Mumby (Sontag et al., 1993) . Plasmid pRSV-BKT was provided by S. Subramani (Cassill & Subramani, 1988) . The expression vectors for the transactivation domain of VP16 (pVP16 AD), VP16-large T-ag fusion protein (pVP16-T AD) and the mouse p53-GAL4 fusion protein (pM-53 DNA BD) were purchased from Clontech (Mammalian MATCHMAKER two-hybrid assay kit (Clontech).
Construction of the BKV Dunlop NCCR with mutated ERE and AP-1 sites. Mutation in the BKV ERE was created by PCR using a primer with a mutated ERE : 5h CTAGCCCGGGTAAACTGGA 3h (the AvaI site is shown in bold and the mutated nucleotides in the ERE are underlined) and pBKV34-2 as template to generate pBKV34-2(mut). A detailed description is available upon request. Mutations in the two AP-1 sites in the Dunlop(mutERE) NCCR were generated by replacing part of this region with complementary oligonucleotides that contained mutated AP-1 sites. For this purpose the following oligonucleotides were synthesized (Eurogentec) : oligo 1, 5h TCAGGAAGGAAAGTGC-CTGCAGCACAGGGGAATGCAGCCAAACCATACCTCAGGAA GGAAAGTGCCTGC 3h ; oligo 2, 5h CCTCCCTGTGCTGCAGGC-ACTTTCCTTCCTGAGGTCATGGTTTGGCTGCATTCCCCTGT GCTGCAGGCACTTTCCTTC C 3h ; oligo 3, 5h AGCACAGGGA-GGAGCTGCTTACCCATGGAATGCAGCCAAACCATGACCTC AGGAAGGAAAGTGCATGACAGACATGTTTGCGAGC 3h ; and oligo 4, 5h CTAGGCTCGCAAAACATGTCTGTCATGCACTTTCC-TTCCTGAGGTCATGGTTTGGCTGCATTCCATGGGTAAGCA GCT3h. The PstI sites are underlined and the mutated bases are shown in bold. Oligos 1 and 2 were annealed, resulting in a ds oligonucleotide with a single-stranded (ss) region of 12 bases. Likewise, oligos 3 and 4 were FIG BK virus and oestrogen receptor BK virus and oestrogen receptor annealed to generate a ds oligonucleotide with a ss 12 bases overhang which is complementary to the ss region of ds oligo 1\2. Afterwards, ds oligo 1\2 and ds oligo 3\4 were annealed and subsequently cloned into the Bsu36I-AvrII sites of pBluescript SK(j) containing the wild-type or mutated ERE Dunlop NCCR, respectively. The resulting plasmids were sequenced to verify the presence of the mutated ERE and\or both mutated AP-1 sites. Finally, the BamHI-HindIII fragment encompassing the Dunlop NCCR (mAP-1 or mERE\mAP-1) was subcloned into the corresponding sites of pO-LUC. These plasmids were named pDun-(mAP-1)-LUC and pDun(mERE\mAP-1)-LUC, respectively.
Transient transfection studies and luciferase assay. About 10& HeLa cells were seeded per well in a 6-well plate. Medium was refreshed 1 h before transfection the next day. Transfection was as described previously (Moens et al., 1994) . One µg luciferase reporter plasmid DNA was used. The amount of CBP, ER, large T-ag or small tag expression plasmid DNA used is given in Results. The total level of expression plasmid was kept constant by compensating with empty vector. The cells received a 30 s glycerol shock (15 %) 4 h after transfection and were subsequently incubated for another 18 h in medium with 0n5 % FBS before they were harvested in 100 µl lysis buffer with 0n5 mM DTT (Perkin Elmer Dual kit). Luciferase activity was measured in a Luminoskan RT (Labsystems) using the Dual kit from Perkin Elmer (Tropix). Luciferase activity was corrected for the protein concentration. The protein concentration of each cell extract was determined with a D C Protein assay kit (Bio-Rad) with BSA as a standard.
Results

Induction of the transcriptional activity of the BKV Dunlop promoter by the ER is not dependent on the ERE
Transient transfection studies were performed in HeLa cells because they lack endogenous ER expression (Bocquel, 1989) . Cells received a luciferase reporter plasmid containing either the wild-type BKV Dunlop promoter (plasmid pDun-LUC) or an ERE-mutated BKV Dunlop promoter [pDun(mERE)-LUC] and were co-transfected with an empty expression vector or pMT2.MOR1-599 Y541-A. The latter encodes a constitutive active ER (White et al., 1997) . The use of such a constitutive activated receptor allows us to perform experiments in the absence of oestrogens, which have been shown to alter gene expression independent of their receptor. Oestrogens can stabilize mRNA (reviewed in Parker & Bakker, 1991) , alter the expression or activity of the transcription factor AP-1 (Wilding et al., 1988 ; Weisz & Rosales, 1990 ; Philips et al., 1993) , and induce phosphorylation of CREB at Ser-133, which is necessary for transcriptional activation (Zhou et al., 1996 ; Murphy & Segal, 1997) . Both transcription factors can activate the BKV promoter (Markowitz & Dynan, 1988 ; Moens et al., 1990) . Finally, oestrogens may induce other signalling pathways that involve the promoter (Migliaccio et al., 1996) . Transfection studies were also performed with the plasmid pEREvit-TK-LUC as a positive control. In the different experiments performed, a 4-fold to 10-fold increase in luciferase activity was observed for the EREvit-TK promoter in the presence of the constitutive active ER. The activity of both the wild-type and the mutated BKV (Dunlop) promoters (Dunlop) promoter is mediated by the ERE and AP-1 sites. HeLa cells were cotransfected with 1 µg luciferase reporter plasmid and with 0n5 µg of an empty vector or a plasmid expressing a constitutive active ER. After transfection, cells were grown for 18 h in 0n5 % serum before they were harvested. The luciferase activity was determined in each cell extract and corrected for the protein concentration. The results are shown as fold induction, with luciferase activity of the reporter plasmid in the absence of the ER arbitrarily set as 1n0. The results represent a typical experiment and similar results were obtained in two or three independent experiments. The data are presented as the average of three independent parallels pSD.
increased between 4-fold and 7-fold by co-expression of the constitutive active ER in the different experiments (Fig. 2) . We repeatedly noticed that the basal activity of the mutated BKV promoter, i.e. in the absence of the ER, was about 50 % higher than the wild-type BKV (Dunlop) promoter (results not shown). The induction measured for the EREvit-TK promoter is somewhat overestimated, since the luciferase activity in cells co-transfected with pTK-LUC (lacking an ERE) and pMR2-Y541-A increased 2n4-fold. No increase in luciferase activity was found when cells were co-transfected with the promoterless pO-LUC vector and pMR2-Y541A (data not shown). These results indicate that ER-induced transcription from the BKV (Dunlop) promoter is mediated by promoter sequences, but is independent of the ERE.
AP-1 sites are involved in mediating ER-induced activation of the BKV promoter
The ER can also mediate its effect on a promoter via AP-1 sites (Paech et al., 1997 and references therein) . Since the BKV (Dunlop) promoter contains two binding sites for AP-1 (Markowitz & Dynan, 1988) , we tested whether these could be involved in ER-regulated activation. HeLa cells transfected with or without the expression plasmid for ER were cotransfected with the plasmid pDun(mERE\mAP-1)-LUC, which lacks ERE and AP-1 sites. Mutation of these sites almost completely abolished ER-induced luciferase activity (1n5-fold induction ; Fig. 2 ). The AP-1 mutations reduced the basal FIH U. Moens and others U. Moens and others promoter activity about 3-to 5-fold compared to Dun(mERE) promoter (data not shown). This is consistent with the results of Markowitz et al. (1990) , who showed the importance of AP-1 sites for basal BKV promoter activity. We then tested whether the AP-1 sites were the only targets for ER-mediated transcription. Thereto, we deleted these site to generate the reporter plasmid pDun(mAP-1)-LUC. The basal activity of this promoter, which lacks the AP-1 sites but has retained the ERE, was 3-fold lower than the wild-type promoter. The ER induced luciferase activity about 4n5-fold, indicating that the AP-1 sites are not the only targets for ER-mediated transcription.
The BKV early gene products strongly enhance ER-mediated transcription
During virus infection, both large T-and small t-ags are expressed. Expression of these proteins can interfere with the activity of transcription factors (reviewed in Moens et al., 1997) . This prompted us to investigate the influence of large T-and small t-ags on ER-mediated transcription. Expression of the BKV early region stimulated the wild-type promoter about 5-fold and co-expression with ER resulted in a strong synergistic increase in ER-induced luciferase activity compared to the activity measured in cells transfected with ER alone (38-fold vs 5-fold increase ; Fig. 3) . Similar results were obtained with the ERE-mutated promoter (not shown).
Large T-ag but not small t-ag stimulates ER-induced transcription
Next, we examined whether the effect on the transcriptional activity of the ER was exerted by large T-or small t-ag. Large T-ag stimulated the wild-type or ERE-mutated Dunlop promoter 2-fold (Fig. 4) . Since these plasmids contain the BKV origin of replication, it is possible that increased luciferase activity results from large T-ag-mediated replication of the Fig. 4 . Large T-ag interferes with ER-regulated transcription. HeLa cells were transfected with a luciferase reporter plasmid containing the wildtype BKV (Dunlop) promoter (pDun-LUC), ERE-mutated BKV (Dunlop) promoter [pDun(mERE)-LUC] or the TK promoter linked to an ERE motif (pEREvit-TK-LUC), respectively. Cells were co-transfected with 0n5 µg empty expression vector (vector), 0n5 µg ER expression plasmid (ER), 0n5 µg large T-ag expression plasmid (T-ag) or ER plus large T-ag expression plasmids (ERjT-ag), respectively. The luciferase activity was calculated as described in the legend to Fig. 1 . The results represent the average of three independent parallels pSD.
plasmid, rather than enhanced promoter activity. To examine this possibility, we co-transfected pDun-LUC or pDun-(mERE)-LUC with the plasmid pCMV-SLT(153). This plasmid encodes a non-DNA-binding large T-ag due to a single mutation at amino acid residue 153. This mutation has been shown to abolish the ability of large T-ag to stimulate viral DNA replication (Simmons et al., 1993) . Co-expression of this replication-deficient large T-ag increased luciferase activity 1n4-fold for both plasmids (results not shown). These results suggested that the increase in luciferase activity in the presence of large T-ag is mainly due to enhanced promoter activity. A 6-fold increase in promoter activity was observed in the presence of activated ER. In the presence of large T-ag plus ER, luciferase activity increased 12n5-fold compared to control cells. Similar results were obtained with the ERE-mutated Dunlop promoter. These experiments proved that co-expression of large T-ag resulted in a 2-fold enhancement in ERinduced luciferase activity and indicated that large T-ag is a positive regulator of ER-mediated transcription from the BKV promoter. To exclude the possibility that T-ag enhanced the levels of ER protein, which could explain the increased luciferase activity when both T-ag and ER are expressed, expression levels in pMT2.MOR1-599 Y541-A-or pMT2.MOR1-599 Y541-A-plus pRcCMV-BLT-transfected cells were examined by Western blot analysis. We were unable to detect any changes in ER protein levels in the presence of Tag (results not shown).
To test whether the effect of large T-ag on the transactivation activity of the ER was promoter-specific or a general mechanism, we performed the same experiments with pEREvit-TK-LUC. Large T-ag had only a scant effect on the activity of this promoter (1n2-fold increase). Again, large T-ag was able to stimulate ER-mediated transcription (3-fold amplification of FII BK virus and oestrogen receptor BK virus and oestrogen receptor Fig. 5 . Large T-ag activates the transcriptional activity of a chimaeric GAL4 DB-hER protein. HeLa cells were transfected with 1 µg luciferase reporter plasmid p(Gal4)5-E1b-Luc, which contains the minimal promoter of the adenovirus E1b gene linked to five binding motifs for the yeast transcription factor GAL4. Cells were co-transfected with 0n5 µg expression plasmids for large T-ag, the DNA-binding domain of the GAL4 protein (GAL4 DB) or a GAL4 DB-oestrogen receptor chimaeric protein (GAL4 DB-hER). In experiments where no large T-ag was co-expressed, cells received equal amounts of the empty vector DNA (vector). The luciferase activity in control cells that just received empty vector was arbitrarily set as 1n0 and luciferase activities in the other experiments were expressed as fold induction. The data represent the average of three independent experiments pSD.
ER-induced luciferase activity ; Fig. 4 ). These findings illustrate that the effects of large T-ag on ER-regulated transcription are not restricted to the BKV (Dunlop) promoter.
To further ascertain that large T-ag amplified the transcriptional activity of the ER, we performed transient transfection studies with a GAL4-ER fusion protein. Cells were transfected with the p(Gal4)5-E1b-Luc reporter plasmid, which contains the minimal promoter of the adenovirus E1b gene preceded by five binding motifs for the yeast transcription factor GAL4, and were co-transfected with either an expression plasmid for the DNA-binding domain of GAL4 (GAL4 DB) or for a chimaeric protein containing the DNA-binding domain of GAL4 fused to a C-truncated ER lacking its ligand-binding domain. This receptor has no intrinsic trans-activation activity (Wang et al., 1995) . Luciferase activity was assayed in the absence or the presence of large T-ag. While large T-ag had no effect on GAL4 DB-mediated transcription of the luciferase gene, a 2-fold increase was seen with GAL4-ER-mediated transcription (Fig. 5) . This observation supports the assumption that large T-ag increases the trans-activating potentials of the ER.
The two-hybrid method uses the restoration of transcriptional activation to indicate the interaction between two proteins. We used the DNA-binding domain of GAL4 and the activation domain of VP16. Linking the ER to the DNAbinding domain of GAL4 and large T-ag to the activation domain of VP16 allows us to study physical interactions between these two proteins. Cells were transfected with the p(Gal4)5-E1b-Luc reporter plasmid in the presence of ex- Fig. 6 . Large T-ag fails to physically interact with the ER. The two-hybrid method was used to establish a physical interaction between these proteins. HeLa cells were transfected with the p(Gal4)5-E1b-Luc reporter plasmid and co-transfections were done with expression plasmids for the GAL4 DNA-binding domain, GAL4-hER hybrid, VP16 activation domain or VP16-large T-ag hybrid. As a positive control transfection was performed with GAL4-murine p53 and VP16-large T-ag chimaeric proteins. The experiment shows relative luciferase activities (pSD) and represents the average of three independent parallels. pression plasmids for GAL4-hER and VP16-large T-ag. Simultaneous expression of GAL4-hER and VP16-large T-ag did not result in enhanced luciferase activity (Fig. 6) . As a positive control, transcriptional activation in the presence of p53 and large T-ag was examined. These two proteins have been shown to physically interact (reviewed in Moens et al., 1997) . A nearly 3000-fold increase in luciferase activity was observed when GAL4-p53 and VP16-large T-ag chimaeric proteins were expressed compared to control cells not expressing large T-ag.
Small t-ag has been shown to interact with protein phosphatase 2A (PP2A) and this may influence the phosphorylation state and transcriptional activity of transcription factors such as CREB, AP-1, E2F and NF-κB (reviewed in Moens et al., 1997 ; Sontag et al., 1997) . Moreover, small t-ag interferes with the MAP kinase pathway (Sontag et al., 1993) , a pathway that activates ER (Kato et al., 1995) . This encouraged us to study the possible effect of small t-ag on transcriptional regulation of the BKV promoter by ER. Neither wild-type nor a truncated small t-ag that cannot bind PP2A interfered with ER-induced luciferase transcription or activated the GAL4-ERmediated transcription of the p(Gal4)5-E1b-Luc reporter plasmid (results not shown).
Expression of the general co-activator CBP has a synergistic effect on ER-induced transcriptional activation of the BKV promoter
Recently, several groups have shown that the general coactivator CBP enhances nuclear receptor-mediated transcrip-FIJ U. Moens and others U. Moens and others (a) ( b) ( c) Fig. 7 . Large T-ag abrogates the synergism between the general co-activator CBP and ER. HeLa cells were transfected with the luciferase reporter plasmids (1 µg) with the wild-type BKV (a), ERE-mutated BKV (b) or EREvit-TK promoter (c), and cotransfected with empty vector or expression vectors for ER (0n5 µg) and/or CBP (5 µg). In some experiments cells were also transfected with increasing amounts of large T-ag expression plasmid (0n5, 2 and 5 µg, respectively). A representative experiment is shown. Similar results were obtained on two different occasions. The relative luciferase activities were calculated as described in the legend to Fig. 1 and expressed as fold induction.
tion (Chakravarti et al., 1996 ; Kamei et al., 1996 ; Smith et al., 1996 ; Shikama et al., 1997 ; Kraus & Kadonaga, 1998) . Therefore, we examined whether CBP could stimulate ERmediated transcription of the BKV (Dunlop) promoter. An 8-to 15-fold increase in the activity of the BKV wild-type and mutant promoters was measured in the presence of CBP (Fig.  7 a, b) . In contrast, CBP had only a moderate effect (2n1-fold increase) on the EREvit-TK promoter (Fig. 7 c) . This difference with the EREvit-TK promoter is probably due to the fact that the Dunlop promoter contains several binding motifs for other transcription factors (reviewed in Moens et al., 1995 a) , some of which use CBP as a co-activator (reviewed in Shikama et al., 1997) , while the pEREvit-TK-LUC merely consists of an ERE and a TATA box. When CBP and constitutive ER were coexpressed, a strong synergistic increase in luciferase activity was detected for all three promoters. This was not due to increased ER expression in cells co-transfected with CBP (data not shown). These results suggest that CBP is a co-activator for ER-mediated transcription of the BKV promoter and this synergism occurs even in the absence of an ERE.
Large T-ag abrogates the synergistic effect between CBP and ER
The observation that CBP can interact with large T-ag (Avantaggiati et al., 1996 ; Eckner et al., 1996) urged us to investigate the effect of large T-ag and CBP on ER-induced transcription. Co-expression of large T-ag had a strong inhibitory effect on CBP-mediated transcription of the reporter gene under control of the wild-type or ERE-mutated BKV (Dunlop) or ERE-TK promoter, respectively. Large T-ag also negatively interfered with the synergistic action between CBP and ER. The negative effects of large T-ag on CBP-or CBP plus ER-mediated transcription were concentration-dependent (Fig. 7) .
Discussion
The BKV promoter can be activated by ER in an ERE-independent mechanism
The BKV (Dunlop) promoter activity in HeLa cells was stimulated about 5-fold by co-expression of a constitutive active ER. Deletion of either the ERE or the two AP-1 sites in the BKV (Dunlop) promoter did not impair ER-induced transcription. However, mutations in both the ERE and AP-1 sites almost completely abolished ER-induced transcription. These results suggest that both motifs can mediate ER-induced transcription, but they do not seem to co-operate because mutating either one of them retains a promoter that is induced by ER to the same extent as the wild-type promoter. An EREindependent activation by ER was recently described for the rat brain creatine kinase gene (Sukovich et al., 1994) . The authors showed that a TA-rich sequence (which binds TA-richbinding protein) and a CCAAT sequence (which binds NF-I and several other proteins ; reviewed in Raymondjean et al., 1988) were crucial. The moderate residual induction of the Dunlop promoter with mutated ERE and AP-1 sites by ER (1n5-fold vs 5-fold for the promoter with intact AP-1 sites) may be due to the NF-I sites.
The effects of large T-and small t-ags on ER-mediated transcription
A weak stimulatory effect of large T-ag on ER-mediated trans-activation of promoters was observed in this study. Several mechanisms by which large T-ag affects the trans-FJA activating activity of the ER can be imagined. Firstly, large Tag may, as shown for several other transcription factors, physically interact with the ER and modulate its activity (reviewed in Moens et al., 1997) . Our results with the twohybrid system suggest an indirect influence of large T-ag on ER activity. Large T-ag increases the expression of cyclins A and D in several cells (Oshima et al., 1993 ; Lukas et al., 1994 ; Ohkubo et al., 1994 ; Peterson et al., 1995 ; Damania & Alwine, 1996 ; Porra! s et al., 1996) . Cyclins A and D1 can activate the ER (Neuman et al., 1997 ; Trowbridge et al., 1997 ; Zwijsen et al., 1997) , suggesting that large T-ag may activate the ER through cyclins. Secondly, large T-ag may affect the negative regulator role of p53 on ER by sequestering p53 (Yu et al., 1997) . Thirdly, large T-ag may increase the assembly of the preinitiation complex by stimulating the ability of other transcription factors like ER to interact with the basal transcription machinery (Damania & Alwine, 1996) . Finally, a 42 kDa serine kinase which appears to be specifically activated by large T-ag has been described (Mu$ ller & Scheidtman, 1995) . This kinase may phosphorylate Ser-118 in the activation function region AF-1 of the ER, which is required for full activity of AF-1 (Kato et al., 1995 and references therein) .
Co-expression of large T-and small t-ags synergistically increased the transcription-activating activity of the ER. At present we cannot explain this observation, but it is plausible that the biological property of large T-ag to activate the ER is dependent on the phosphorylation state of T-ag and\or the ER, which could be regulated by small t-ag (Scheidtmann et al., 1991) . Small t-ag has been shown to activate the MAP kinase pathway in CV-1 cells (Sontag et al., 1993) and this pathway can activate the ER in the simian virus 40-transformed CV-1 cells, COS-1, through phosphorylation of Ser-118 (Kato et al., 1995) .
The synergism between CBP and ER on transcription is inhibited by large T-ag
This study and previous studies (Smith et al., 1996 ; Kraus & Kadonaga, 1998) have shown that transcription from a minimal promoter linked to a steroid hormone response element is weakly stimulated by the general co-activator CBP or the CBPrelated protein p300. Co-expression of CBP strongly enhanced ER-mediated transcription from the BKV wild-type or mutated promoters. This is in agreement with other studies which have reported that CBP acts synergistically with nuclear hormone receptors, members of the AP-1 family and several other transcription factors (reviewed in Shikama et al., 1997) to stimulate transcription. CBP has recently been shown to possess intrinsic acetyltransferase activity (Bannister & Kouzarides, 1996 ; Ogryzko et al., 1996 ; Martinez-Balba! s et al., 1998) capable of acetylating nucleosomal histones and other transcription factors such as TFIIE, TFIIF and p53, which may facilitate the access of transcription factors like ER to their binding sequences. The combined action of CBP with ER and other factors on the BKV promoter probably explains the strongly enhanced activity of this promoter. Increasing amounts of large T-ag reduced CBP-enhanced BKV promoter activity and also negatively interfered with the synergistic effect of CBP and ER-mediated transcription. This is in accordance with the observations that large T-ag abrogated transcription mediated by the CBP-interacting proteins CREB and AP-1 (Avantaggiati et al., 1996) . Another group demonstrated that large T-ag repressed transcription of a reporter gene under control of six E2-binding sites upstream of a TK promoter in the presence of CBP fused to the DNA-binding domain of the bovine papillomavirus E2 protein (Eckner et al., 1996) . The mechanism by which large T-ag inhibits the transcriptional co-activator function on the ER remains to be established, but a recent study reported that adenovirus protein E1A inhibited retinoic acid receptor (RAR) function by preventing the assembly of CBP with the nuclear receptor coactivator p\CIP (p300\CBP-interacting protein). E1A and p\CIP specifically bound CBP in a mutually exclusive manner (Kurokawa et al., 1998) . A similar mechanism may be operational for large T-ag because of the functional similarity between E1A and large T-ag.
The exact role of steroid hormones in the life-cycle of BKV remains to be elucidated. Our observation that ER-stimulated BK promoter activity was strongly amplified by the virus early gene products may have important biological implications in individuals with raised oestrogen concentrations. Indeed, pregnant women have increased urinary shedding of BKV with predominantly archetypal WW regulatory regions compared to other women (Markowitz et al., 1991) . This promoter possesses a very low activity in vitro (reviewed in Moens et al., 1995 a) . Increased oestrogen levels may activate the ER, which synergizes with large T-and small t-ags to strongly enhance the activity of this promoter and may result in reactivation. SLE patients have normal levels of oestrogens, but the overall metabolism of such compounds is altered to favour more feminizing compounds (reviewed in Lahita, 1992). We found a high prevalence of BKV(WW) in urine samples from SLE patients. The fact that among 14 SLE patients with frequent persistent infection, 13 were women opens up the possibility that oestrogens may contribute to virus reactivation . Finally, steroid hormones play an important role in mammary cancer development and the ER and the progesterone receptor are the most important hormone receptors associated with breast cancer (Clarke et al., 1991 and references therein) . It may be interesting to screen breast cancers for the presence of Polyomaviridae and expression of large T-and small t-ags because transgenic mice expressing large T-and small tags under control of the oestrogen-inducible promoter of the whey acid protein gene developed breast cancer (Santarelli et al., 1996) and polyomavirus infection of athymic female mice caused a high incidence of mammary adenocarcinomas and high levels of virus early proteins were found in the tumours (Rondinelli et al., 1995) . 
